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ABSTRACT. - Studies on the brains of teleost fishes have shown that the relative size of sensory brain areas 
reflects sensory specialisations and the relative importance of a given sensory system. Moreover, the relative 
size of these brain areas can change in relation to ontogenetic shifts in habitat and feeding ecology. However, 
although elasmobranchs (sharks, skates and rays) also exhibit ontogenetic shifts in habitat and diet, little is 
known about how their sensory systems and brains may adapt to these changes. In this paper, we compare 
the relative volumes of four sensory brain areas; the olfactory bulbs, optic tectum, anterior lateral line lobes 
and posterior lateral line lobes (that receive input from the olfactory epithelium, eye, electroreceptors and 
lateral line, respectively) in juveniles and adults of seven species of elasmobranch (six species of shark and 
one species of ray). The relative volume of each brain area was expressed as proportion of the total sensory 
brain, the combined volume of the four brain areas. Significant differences were found in the relative proportions 
of the sensory brain areas between juveniles and adults. In all species, the optic tectum was relatively larger 
in juveniles, whereas the size of the olfactory bulbs was relatively greater in adults. This paper provides the 
first evidence for shifts in the size of sensory brain areas in elasmobranchs and suggests that vision is relatively 
more important than olfaction in juvenile elasmobranchs and vice versa in adults. 

KEY WORDS. - Brain, ecomorphology, ontogeny, ray, sensory system, shark. 


INTRODUCTION 

An animal’s lifestyle is reflected in the organization of its 
central nervous system (Nieuwenhuys et al., 1998). This 
relationship has been particularly well-studied in teleost 
fishes, whose unparalleled diversity among the vertebrates 
has allowed scientists to study relationships between brain 
structure and sensory ecology. In particular, the relative size 
or complexity (i.e. number of sensory cells per unit area) of 
the peripheral sense organs has been found to scale positively 
with the input to the related brain centres. Both measures 
provide an accurate indication of the relative importance of 
a particular sensory system in any given species (reviewed 
by Kotrschal et al., 1998). 


The life histories of many teleost fishes involve one or more 
shifts in habitat (Helfman et al., 1997) that are often associated 
with metamorphosis from larval to juvenile form. This often 
involves a vertical or horizontal habitat shift and changes in 
feeding behaviour and diet. These shifts can subject a fish to 
a range of new biotic and abiotic conditions during its life 
and are associated with distinct anatomical, physiological, 
behavioural and ecological adaptations. Such adaptations 
include the modification of the sensory systems, presumably 
to increase their efficiency in each new set of conditions 
(Higgs & Fuiman, 1996, 1998; Beaudet & Hawryshyn, 1999; 
Shand et al., 2000). Modifications to the peripheral sense 
organs are in turn reflected centrally as changes in the relative 
size or structure of sensory brain areas (Cadwallader, 1975; 
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Brandstatter & Kotrschal, 1989, 1990; Montgomery et al., 
1997; Kotrschal et al., 1998; Wagner, 2003). 

The elasmobranch fishes (the sharks, skates and rays) exhibit 
very different life history strategies to those of teleost fishes. 
They successfully utilise a variety of reproductive modes, all 
involving internal fertilisation and long gestation times. No 
larval stage exists and in contrast to teleosts, small numbers 
of highly-developed young are produced, which in many 
respects are small replicas of the adults. However, like 
teleosts, many elasmobranchs also undergo ontogenetic shifts 
in environment and diet. A number of species utilize nursery 
areas to increase the chances of survival for their offspring 
(Springer, 1967; Castro, 1993). These areas tend to be 
shallow, energy-rich coastal areas where food is abundant 
and the risk of predation from larger sharks is low. 
Ontogenetic dietary shifts have also been reported for a large 
number of sharks (Talent, 1976; Cortes & Gruber, 1990; Lowe 
et al., 1996; Huepel & Bennett, 1998) and rays (Abdel-Aziz, 
1994; Gray et al., 1997; Platell et al., 1998). These dietary 
shifts are often reflected in changes in the type and size of 
prey and may be attributed to several factors: 1) larger animals 
can feed on larger prey; 2) different-sized animals may occupy 
different habitats and 3) larger animals may be more efficient 
hunters (due to acquired hunting skills) and more physically 
able to capture larger and/or faster prey (Lowe et al., 1996). 

The analysis of the peripheral sense organs in elasmobranchs 
has provided some evidence that sensory systems in these 
fishes can also adapt to ontogenetic shifts. Lor example, in 
the lemon shark ( Negaprion brevirostris), shifts in the 
chromophore (A 2 -based porphyropsin to A r based rhodopsin) 
and the spectral sensitivity (from 522 to 501 nm) of the rod 
photoreceptor visual pigment have been correlated with 
ontogenetic shifts in habitat, as juveniles leave the green 
waters of their shallow lagoon nursery and venture into the 
deeper, bluer waters frequented by adults (Cohen et al., 1990). 
Sisneros et al. (1998) and Sisneros & Tricas (2002) have also 
demonstrated that the response properties of the 
electrosensory systems of both skates (Raja eglanteria) and 
stingrays ( Dasyatis sabina ) change ontogenetically, reflecting 
changes in the nature of the bioelectric stimuli these species 
encounter during their life histories. However, it is not known 
whether the relative importance of a sensory modality may 
shift during development in elasmobranchs as has been shown 
in teleost fishes. As in teleosts, discrete sensory brain areas 
can be identified in elasmobranchs (Northcutt, 1978; Smeets 
et al., 1983) and there is evidence that the relative size of 
these brain areas reflects the relative importance of their 
corresponding sensory modalities (Northcutt, 1978; Demski 
& Northcutt, 1996; Nieuwenhuys et al., 1998). Therefore, 
we investigated gross brain morphology in juveniles and 
adults of six species of shark and one species of ray. This 
analysis provides evidence of post-embryonic ontogenetic 
variation in the relative size of four sensory brain areas and 
in particular, the olfactory bulbs and the optic tectum, which 
may reflect ontogenetic shifts in the relative importance of 
these sensory systems. 


MATERIALS AND METHODS 

Animals. - The brains from juveniles and adults of six species 
of shark and one species of ray were analysed in this study 
(Table 1). The sharks consisted of five Carcharhiniformes 
[the grey reef shark, (Carcharhinus amblyrhynchos), the silky 
shark ( C. falciformis ), the bull shark, (C. leucas), the blacktip 
reef shark (C. melanopterus ) and the scalloped hammerhead 
shark (Sphyrna lewini )] and one member of Lamniformes, 
the great white shark ( Carcharodon carcharias). The one 
species of ray was represented by the blue-spotted maskray, 
(Dasyatis kuhlii) (Rajiformes). The larger great white shark 
analysed was classified as a ‘sub-adult’ since the animal was 
not considered sexually mature upon examination of its 
reproductive organs but it was within published size-at- 
maturity ranges for this species. 

All specimens were collected and sacrificed according to the 
ethical guidelines of the National Health and Medical 
Research Council of Australia. Lor each specimen, the brain 
was removed and was immersion-fixed in either 10% formalin 
or 4% paraformaldehyde in 0.1 M phosphate buffer. In some 
cases, the animals were frozen and after partial defrosting, 
the brain was exposed and the head was further thawed while 
immersed in fixative. All brains were post-fixed for at least 
two months before further dissection and analysis. Lor species 
where data for more than one individual of a particular level 
of maturity was available, means were calculated and where 
three or more individuals were available, standard deviations 
were also calculated. Lor information on the number of 
specimens analysed for each species, see Table 1. 

Brain analysis. - The meninges, blood vessels, choroid plexa 
and connective tissue were dissected away from each brain 
and the cranial and sensory nerves were transected at their 
base. Lour sensory brain areas that receive primary projections 
from the olfactory epithelium (olfactory bulbs), the eye (optic 
tectum) and the octavolateralis senses, the electroreceptors 
[anterior lateral line lobes (ALLLs)] and the acousticolateralis 
system [posterior lateral line lobes (PLLLs)], were identified 
in each specimen (using the criteria of Northcutt, 1978 and 
Smeets et al., 1983). The use of optic tectum size as an 
indicator of the importance of vision has been questioned 
since the optic tectum is a multimodal centre and receives 
input from other modalities, as well as being the primary 
projection site for primary visual fibres originating from the 
retinal ganglion cells. (Davis & Northcutt, 1983; Bodznick, 
1991). However, the strong correlations between eye-size, 
the number of axons in the optic nerve and optic tectum size 
in fishes (Brandstatter & Kotrschal, 1990; Guthrie, 1990; 
Nieuwenhuys et al., 1998) provide evidence for the optic 
tectum size being an accurate indicator of visual capabilities. 

The sizes of the four sensory brain areas were assessed 
volumetrically with the assumption that they were perfect 
half-ellipsoids (Huber et al., 1997; Wagner, 2001a, 2001b). 
This is with the exception of the scalloped hammerhead shark 
and the blue-spotted maskray, where the olfactory bulbs were 
deemed to more closely resemble half-cylinders. Linear 
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Fig. 1. Habitus diagram (top) and dorsal views of the juvenile (middle) and adult (bottom) brains from two species of shark. A to C) bull 
shark, Carcharhinus leucas, D to F) blacktip reef shark, C. melanopterus. Alll = anterior lateral line lobe; Cb = cerebellum; Ob = olfactory 
bulb; Ot = optic tectum; Pill = posterior lateral line lobe; Tel = telencephalon. Scale bars = 2 cm. Habitus diagrams adapted from Compagno 
et al. (2005). 
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Table 1. Maturity class, number of individuals examined and size (body length and body mass) of juveniles and adults of the seven species 
of elasmobranch studied. Note that for the sharks, body length is expressed as total length, whereas for the ray, disc width is shown. The 
size ranges are given for species or maturity classes in which more than one specimen were examined. 


Order 

Species 

Maturity Class 

n 

Length (cm) 

Body Mass (kg) 

Carcharhiniformes 

Carcharhinus amblyrhynchos 
(grey reef shark) 

Juvenile 

i 

90 

4.10 



Adult 

4 

138 - 169 

16.50 - 31.00 


Carcharhinus falciformis 
(silky shark) 

Juvenile 

1 

65.4 

1.33 



Adult 

1 

264 

97.96 


Carcharhinus leucas 

Juvenile 

4 

76 - 87 

3.10 - 4.00 


(bull shark) 

Adult 

1 

210 

72.85 


Carcharhinus melanopterus 
(blacktip reef shark) 

Juvenile 

1 

64.1 

1.27 



Adult 

1 

112 

7.65 


Sphyrna lewini 

Juvenile 

5 

55.0 - 59.7 

0.55 - 0.75 


(scalloped hammerhead shark) 

Adult 

1 

176 

25.00 

Lamniformes 

Carcharodon carcharias 

Juvenile 

1 

160 

36.29 


(great white shark) 

Sub-adult 

1 

427.5 

727.27 

Rajiformes 

Dasyatis kuhlii 

Juvenile 

3 

23 - 25 

0.36 - 0.38 


(blue-spotted maskray) 

Adult 

3 

31 - 47 

1.03 - 2.96 


measurements of the length (a), width (b) and depth (c) of 
each brain structure were taken using callipers (accurate to 
0.1 mm). In the case of the half-cylinders, the length (1) and 
radius (r) were taken. The linear measurements were 
translated into volumetric measures (V) using the formulae 
V = 1 / 12 (it x a x b x c) and V = (it x r 2 x 1) / 2 for the half¬ 
ellipsoids and the half-cylinders, respectively. No evidence 
of lateralisation was found and so the left and right volumes 
of paired structures were combined. Each of the four sensory 
brain areas was assessed in terms of its proportion to the total 
‘sensory brain’, the combined volume of all four sensory brain 
areas (Wagner, 2001a, 2001b). No histological analysis was 
attempted on the brains, as in many cases the animals had 
been either dead for several hours prior to fixation, or had 
been frozen and thawed in fixative, rendering the tissue 
unsuitable for such analysis (Demski & Northcutt, 1996; Ito 
et al., 1999). All statistical analyses were performed on arcsine 
transformed data using GraphPad Prism 4.0 software 
(GraphPad Software, San Diego, CA, USA). 

RESULTS 

Gross brain morphology. - Photographs of representative 
juvenile and adult brains from the bull shark and the blacktip 
reef shark are shown in Figure 1. Qualitatively, the juvenile 
and adult brains appear very similar, with the major difference 
being the relative length of the olfactory peduncles, which 
connect the olfactory bulbs to the telencephalon. These 
structures were longer in the adults for all species and 
consequently, the olfactory bulbs are situated further from 
the telencephalon in adults compared to juveniles. The 


olfactory bulbs also appeared to be relatively larger in the 
adults of all species. 

Sensory brain areas. - The volume of each of the four sensory 
brain areas (the olfactory bulbs, optic tectum, ALLLs and 
PLLLs) was assessed in juveniles and adults from seven 
species of elasmobranch. The volume of each brain area was 
expressed in terms of its proportion of the total ‘sensory 
brain’, which is the combined volume of all four sensory brain 
areas (Table 2 & Fig. 2). Although some interspecific 


Carcharhinus amblyrhynchos Juvenile (n=1) 
Carcharhinus amblyrhynchos Adult (n=4) 

1 US* 



Carcharhinus falciformis Juvenile (n=1) 
Carcharhinus falciformis Adult (n=1) 




Carcharhinus leucas Juvenile (n=4) 


Carcharhinus leucas Adult (n=1) 



Carcharhinus melanopterus Juvenile (n=1) 
Carcharhinus melanopterus Adult (n=1) 




Sphyrna lewini Juvenile (n=5) 
Sphyrna lewini Adult (n=1) 




Carcharodon carcharias Juvenile (n=1) 
Carcharodon carcharias Sub-adult (n=1) 

Dasyatis kuhlii Juvenile (n=3) 




1 1 

Dasyatis kuhlii Adult (n=3) 



0 20 40 60 80 100 

Percentage of total sensory brain volume (%) 


■ Olfactory bulbs □ Optic tectum □ ALLLs □ PLLLs 

Fig. 2. The relative volumes of four sensory brain areas [the 
olfactory bulbs, optic tectum, anterior lateral line lobes 
(ALLLs) and posterior lateral line lobes (PLLLs)] as a 
proportion of the total sensory brain volume in juveniles and 
adults of seven species of elasmobranch. 


10 














































THE RAFFLES B UL LETIN OF ZOOLOGY 2007 


5 § 

CZ) H 

u Vh 

x o 

<D 

° b 

C/2 -G 

3 x 

T3 P 

o S- 

"c 1/3 
y u 


CD 

Oh 


G r- 

d) c 
> 

g g 

•—> CL) 

fl > 


czi dj 
0) H 
O TO 


2 u 

3 X 


Vh TO 

° £ 
*c s 
0) 2 

o . 

Oh _0) 
-a X) 
G TO 


C3 

<D ^ 

X C 

^ CL) 

3 B 
3 ’o 
3 & 


o u 
*C S 
<3 ° 
c c 

TO TO . 
„Jh C« 

B z § 

age 

a e '§ 

.a o “ 
& -5 

o £ 
wf G 


G 

X 


CZ) 
<D 
C/2 

S'42 
2 ° 
y >» 

<H-l *£ 

3 3 

0) TO 

£ B 

W ' i-H 

czi O 

<5 ^ 

G % 
TO q 

•§ Oh 
cd cz) 

>> ^ 
O C 

c > 

CL) 

C/2 


60 

<D 

H 

TO 

CZ) 


TO 

£ ... 

o_ CL) 

o sp 

CZ) 5—i 

<D <D 

! < 
O £ 
> ^cd 
<D £ 
.> TO 
TO ™ 

a -g 

■§ 2 
TO X 

I i 

,P CZ) 

o £ 

£ « 

£ «H—I 

< o 

<N $ 
CD *o 


X 

o 



o 

> 


CN 



cro 


vq 

CN 


On 


+1 

O 

TO* 

CN 


oo 

d 

CN 


OO 

CN 

+1 

X 

CN 

CN 


X 

d 

+i 

00 

X 



r- 

vd 

TO* 


TO 

TO; 

CN 

S 


r- 

oo 

vd 

to¬ 


on 

oo 


o 

ON 

X 

CN 

+1 

o 

p 

oo 

TO 


CTO 

TO* 

•TO 


<N 

in 

in 

in 


o 

>n 

in 

TO 


OO 

(N 

+1 

r-~ 


r- 

i> 


ON 

ON 

oc 

X 


ON 

in 


oo 

p 

X 

(TO 


ON 

(N 


X 

TO 



TO 

O 

TO 


O 

*0 


o 

G 


< 


B 

B 

'o 

> 



p 


ON 




t*"- 



OO 

+1 

X 

«n p 

+1 

TO; 

p 

CN 

in 

.2 ± 0. 

3.8 

TO; 

>n 

TO* 

CN (N 

X 

in 

TO* 

(N 

d 


CTO 


mi 




X 





X 


CTO 









in 


00 




«n 




CTO 

CTO 

+1 

5 £ 

ON 

+1 

CTO 

cn 

O 

OO 

OO 

p 

ON 

+1 

CN 

in 

CN 

ON 

TO* 

»n 

d oo 

r- 

On 

X 


CTO 

TO* 

X 

d 

TO* 

«n 

iy~t 

OO 

p 

TO" 


TO* 

CTO 


CN 

TO* 


ON 

d 

+i 

ON 

CTO 


r- 

in 

CN 

+1 

p 

>n 


s 

G 

O 

CD 




X 


p 




00 


CN 

g 


,_ 


,_; 




TO 


,_ 

TO 

+1 

ON ON 

+i 

On 

O 

CTO 

+' S 

On 

TO O 

+1 


OO 

TO CTO 

d 


CTO 

d 

o 

in 

TO 

TO CTO 

cn 

CN 

TO 

CTO 

P -H 

TO —' 

00 

> 




X 




CN 


in 


TO 


CTO 




CTO 


TO 



r- 

125 

oo 

TO 

X 

CTO 

(N 

r- 

r- 

00 

o 

X 

ON 

TO 

TO 

73. 

p 


p 

+1 

r- 

CN 

CN 

—H 

+i 

CN 


p 

P 

+1 

X 

CTO 

in 

+1 

OO 

oo 

oo 

CN 

o 

oo 

d 

in 

TO 

<n 

TO 

X 

TO 

CN 

OO 

CTO 

in 

p 



p 

in 


CTO 

X 

ON 

TO 

p 





CN 




OO 




TO 


in 

00 



ON 




in 




OO 




1 




CN 








«n 



p 




TO 




p 


__ 



__ 4 




TO 




__ 

TO 

+1 

in 

00 

+1 

CTO 

in 

in 

+1 

CTO 

CTO 

ON 

+1 

X 

X 

d 

ci 

d 

00 

X 

in 

d 

CN 

»n 

TO 

in 

CN 

m 

CTO 

TO 

in 

X 

TO 

oo 

»n 


in 



ON 




oo 




CN 


CTO 



CTO 




CTO 




CTO 



in 



oo 




CTO 




CTO 


CTO 



p 




in 




P 

O 

CTO 

X 

X 

CTO 

CTO 

TO 

CN 

TO 

in 

p 

TO 

X 

00 

in 

(N 

O 

X 

r- 

X 

CTO 

TO 

CTO 

O 

CN 

+1 

r- 

°q 

TO 

r- 

CN 

in 

X 

+1 

CTO 

P 

TO 

ON 

CN 

in 

X 

ON 

TO 

in 

+1 

CTO 

CTO 

TO 

00 

CN 

d 

o 

in 

X 

ON 

in 

X 

+1 

r- 

00 


ON 







d 


oo 


CTO 



TO 




o 




CN 


X 



(N 




CTO 







2 

JD 





jj 

<D 3 

2 









rG 


p 

P CZ) 

*8 ±3 

L) ^ 

*8 

(D ^ 

‘c 

a) 

3 

’8 

<D 

£ 

'3 ±3 

d) 3 

c cd 

CD A 

'c 

a) 

cd cd 

S 0 

> -o 

5 <C 

>. -o 

5 < 

> 

G 

>—5 

< 

> 

G 

'O 

< 

a -a 

5 < 

s -§ 

h-> cn 

> 

G 

>—5 


CD 

Oh 

cn 


s 

•S 

-53 

Co 

4= 

C/2 

S 

.g 

C>2 

S' 

•— 

3 

.g 

S 

3 

•g 



e -t—i 

<D 


‘I 

cd 

P 


cd 

!<. 

53 


B 



C/2 

2 

-G 

3 

-s; 


hTO 

-53 

Cj 

•g. 

d 

Cj 

CZ) 

-3 

5) 

Q 

-53 

g 

CD 

tH 

53 

5J 

—Z 

Iv. 

3 

3 

3 

U 

53 

0/J 

u 


’c/2 

X 

X 

<x 


TO 

X 


5— 

cl, 2- 

§ s 

-S a 

cu 05 


TO 

X 

3 M 

P -O 
G cd 
^ T3 £ 
53 ^’S 
£ O § 

p' g § 

* C/2 2 

in w x 


"§ 

o 


s £ 


S oo 


-c: 

3 

4* 


53 

Q 


11 


(blue-spotted Adult 426.56 + 81.42 62.4 ± 3.2 162.08 + 9.25 24.1 + 2.7 20.45 ± 2.33 3.1 + 0.8 71.43 ± 19.81 10.4 ±1.6 

maskray) 
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variation in the relative volume of the four sensory brain areas 
was noted, especially in the olfactory bulbs and the optic 
tectum, the relative proportions of the four sensory brain areas 
were generally similar across the seven species. 

For example, in both juveniles and adults of all species, the 
olfactory bulbs or the optic tectum were the largest sensory 
brain areas, while the ALLLs were the smallest. However, 
the analysis also revealed differences in the relative volumes 
of the sensory brain areas between juvenile and adults in all 
seven species (Fig. 3). In particular, the optic tectum was 
relatively larger and the olfactory bulbs relatively smaller in 
juveniles, compared to adults. On average, the olfactory bulbs 
and the optic tectum accounted for 35.1% and 43.0% of the 
total sensory brain in juveniles respectively, compared to 
55.4% and 28.1% in adults. Differences in the relative sizes 
of the AFFFs and PFFFs between juveniles and adults were 
also noted, but they were much smaller. In juveniles, the 
AFFFs made up 4.3% and the PFLFs 17.7% of the total 
sensory brain. In adults, the AFFFs and the PLLLs constituted 
3.4% and 12.9%, respectively. 

Due to the small sample sizes, no statistical analysis was 
performed on the variation in relative sensory brain area 
volume in each species. However, by combining the data for 
all juveniles and all adults, differences in the mean relative 
size of the sensory brain areas between juveniles and adults 
was analysed using a two-way ANOVA, using age and 
sensory brain area as the two variables. A significant 
interaction between age and sensory brain area (F = 10.96, 
Dfn = 3, Dfd = 48, P < 0.0001) indicated that age does not 
have the same effect on each of the four sensory brain areas, 
which in turn suggests that there is some ontogenetic 
variation. Bonferroni post-tests were then used to test for 
differences between juveniles and adults for each sensory 
brain area. Differences in relative olfactory bulb size (t = 
4.410, P < 0.001) and relative optic tectum size (t = 3.358, P 
< 0.01) between juveniles and adults were significant, but 
that the differences in the relative size of the AFFFs (t = 
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Olfactory bulbs Optic tectum ALLLs PLLLs 


■ Juveniles El Adults 

Fig. 3. The mean relative volume of four sensory brain areas [the 
olfactory bulbs, optic tectum, anterior lateral line lobes (ALLLs) 
and posterior lateral line lobes (PLLLs)] as a proportion of the total 
sensory brain volume, in juveniles (black) and adults (grey) of seven 
species of elasmobranch. In particular, note the differences in the 
mean size of the olfactory bulbs and the optic tectum between 
juveniles and adults. Error bars = standard errors. 


0.511, P > 0.05) and the PLLLs (t = 1.451, P > 0.05) were 
not. 


DISCUSSION 

The relative importance of four sensory modalities, olfaction, 
vision, electroreception and the lateral line was assessed in 
juvenile and adult elasmobranchs by comparing the relative 
volume of their corresponding sensory brain areas, the 
olfactory bulbs, optic tectum, anterior lateral line lobes 
(ALLLs) and posterior lateral line lobes (PLLLs), using a 
gross volumetric approach based on external brain 
morphology (Huber et al., 1997; Wagner, 2001a, 2001b). This 
technique has been widely used in recent years to assess 
sensory specialisations and the relative importance of various 
senses in a range of fishes such as cichlids (Huber et al., 1997), 
deep-sea fishes (Collin et al., 2000; Wagner 2001a, 2001b, 
2002, 2003) and large pelagic sharks and teleosts (Lisney & 
Collin, 2006). It has been particularly useful in making 
reasonable inferences about the sensory ecology of little- 
known or largely-inaccessible species such as deep-sea fishes 
and sharks. For a critical discussion of this technique, see 
Wagner (2001a). 

In all seven species investigated, the olfactory bulbs were 
relatively smaller and the optic tectum relatively larger in 
juveniles as compared to adults, while the relative volumes 
of the ALLLs and PLLLs were similar. This represents the 
first evidence of shifts in gross brain morphology in 
elasmobranchs. The variation in the relative size of the 
olfactory bulbs and the optic tectum in juvenile and adult 
elasmobranchs suggest that vision may be relatively more 
important than olfaction in juveniles and vice versa in adults. 
Juveniles also have relatively larger eyes than adults (Hueter, 
1980; T. J. Lisney, unpublished), which supports the idea that 
vision may be more important in younger animals. 

Ontogenetic changes in the relative size of various sensory 
brain areas have been found in a number of teleost fishes 
including New Zealand galaxids (Cadwallader, 1975), 
European cyprinids (Brandstatter & Kotrschal, 1989, 1990), 
the Antarctic silverfish, Pleuragramma antarcticum 
(Montgomery et al., 1997) and the deep-sea grenadier, 
Corphaenoides armatus (Wagner, 2003). In most species, 
these changes appear to be strongly related to ontogenetic 
shifts in both habitat and diet and feeding strategy. For 
example, in cyprinids, a relative reduction in the optic tectum 
during ontogeny from larva to adult coincides with an increase 
in the size of chemosensory brain areas associated with taste 
(the facial and vagal lobes). This reflects the shifts from a 
diurnal, planktonic larval phase towards crepuscular or 
nocturnal activity and a benthic lifestyle exhibited by many 
cyprinids (Brandstatter & Kotrschal, 1989, 1990), with the 
exception of the sabre carp (Pelecus cultratus), which 
develops into a predominantly surface-feeding adult with 
enlarged octavolateralis brain areas (Brandstatter & Kotrschal, 
1990). 

Many elasmobranchs use nursery areas (Springer, 1967; 


12 










THE RAFFLES B UL LETIN OF ZOOLOGY 2007 


Castro, 1993), where the young animals develop before 
gradually expanding their home ranges and moving into areas 
occupied by adults. They experience shifts in environmental 
conditions throughout their lives that may be related to the 
apparent changes in the relative importance of olfaction and 
vision. For example, nursery areas are usually shallow coastal 
areas where a greater range of wavelengths of light may be 
available in comparison to deeper waters occupied by adults 
(McFarland, 1991). Therefore, juveniles may take advantage 
of this and rely more heavily on visual cues. 

In teleost fishes, there are particularly strong relationships 
between the development of sensory brain areas and feeding 
strategies (Kotrschal et al., 1998). Ontogenetic shifts in diet 
have also been reported for a number of elasmobranchs, 
including four of the species investigated in this study, i.e., 
the bull shark (Cliff & Dudley, 1991), the great white shark 
(Tricas & McCosker, 1984; Cliff et ah, 1989; Long & Jones, 
1996), the grey reef shark (Wetherbee et ah, 1997) and the 
scalloped hammerhead shark (Clarke, 1971; Stevens & Lyle, 
1989). This suggests that these animals may employ different 
foraging and prey detection strategies as juveniles and as 
adults, which may be related to shifts in the importance or 
role of different sensory systems. For example, both stomach 
content analysis (Tricas & McCosker, 1984) and data from 
pop-up satellite archival tags (Dewar et ah, 2004) suggest 
that small juvenile great white sharks forage for small bottom¬ 
dwelling elasmobranchs and bony fish by day. Dewar et ah 
(2004) proposed that visual cues are important for foraging 
in these young animals as these sharks have a retina adapted 
for diurnal vision (Gruber & Cohen, 1985), although 
electroreception may also play a significant role (Tricas & 
McCosker, 1984). Larger (> 3 m total length) individuals are 
a major predator of marine mammals, especially pinnipeds 
(Le Boeuf et ah, 1982; Tricas & McCosker, 1984; Long & 
Jones, 1996) and also scavengers of larger cetacean carcasses 
(Long & Jones, 1996). Pinniped colonies and cetacean 
carcasses create considerable odoriferous material (Strong et 
ah, 1992; Long & Jones, 1996) and the resultant odour trails 
can be carried long distances by tides and currents. A keen 
olfactory sense may be of considerable importance for prey 
location in larger sharks. This may be especially so for 
cetacean carcasses, although the periodicity and locality of 
these food sources are unpredictable. This is because the 
energetic benefits of consuming whale blubber are so great 
(Carey et ah, 1982) that it has been suggested that dead 
cetaceans may be a primary food source for great white sharks 
in certain areas or seasons (Carey et ah, 1982; Klimley, 1994; 
Long & Jones, 1996). 

Other factors that could drive a shift in the relative importance 
of sensory systems are predator avoidance and reproductive 
behaviour. As predator avoidance may be more important to 
young elasmobranchs in nursery grounds than prey abundance 
(Heupel & Hueter, 2002), the greater reliance on vision in 
juveniles could reflect the importance of this sense in predator, 
rather than prey detection. In contrast, olfaction may be more 
important in sexually mature adults as pheromones are 
thought to play an important role in reproductive behaviour 
(Bass, 1978; Johnson & Nelson, 1978). 


The patterns of brain growth described here do not appear to 
be confined to one particular group of elasmobranchs and so 
an ontogenetic shift in the relative importance of vision and 
olfaction may actually be widespread among these fishes. 
However, it is difficult to do more than speculate on the 
factors behind this apparent shift in the absence of both 
detailed life-history data for the majority of species and 
information on the role of the senses in juvenile and adult 
elasmobranchs. Whatever the adaptive significance, the 
apparent shift in the relative importance of each of the sensory 
modalities with development and knowing what sensory cues 
are important to juvenile and adult elasmobranchs is important 
in understanding their ecology and may have management 
implications, such as the identification of critical habitats and 
susceptibility to different types of fishing gear. 

ACKNOWLEDGEMENTS 

The authors would like to thank the two anonymous reviewers 
for their comments on an earlier version of this manuscript 
and those who helped in the accessing and collection of 
specimens, especially Simon Pierce, (University of 
Queensland), Will Robbins (James Cook University), Julian 
Pepperell (Pepperell Research), Nick Otway (NSW Fisheries) 
and Kim Holland, Tim Tricas, George Losey (University of 
Hawaii). Thomas J. Lisney was supported by a University of 
Queensland postgraduate scholarship, the American 
Elasmobranch Society (in the form of a Donald R. Nelson 
Behavior Research Award), a University of Queensland 
Graduate School Research Travel Award (GSRTA) and 
Sigma Xi. The project was also supported by grants to Shaun 
P. Collin (Discovery DP0209452 and Linkage LP0214956) 
from the Australian Research Council. The authors also wish 
to acknowledge the generous additional support provided by 
Justin Marshall, Perry Bartlett and the Queensland Brain 
Institute (QBI) at the University of Queensland. 


LITERATURE CITED 

Abdel-Aziz, S. H., 1994. Observations on the biology of the common 
Torpedo ( Torpedo torpedo, Linnaeus, 1758) and the marbled 
electric ray ( Torpedo marmorata, Risso, 1810) from Egyptian 
Mediterranean waters. Australian Journal of Marine and 
Freshwater Research, 45(4): 693-704. 

Bass, A. J., 1978. Problems in studies of sharks in the southwest 
Indian Ocean. In: Hodgson, E. S. & R. F. Mathewson (eds.). 
Sensory Biology of Sharks, Skates and Rays. Office of Naval 
Research, Arlington. Pp 545-594. 

Beaudet, L. & C. W. Hawryshyn, 1999. Ecological aspects of 
vertebrate ontogeny. In: Archer, S. N., M. B. A. Djamgoz, E. 
R. Loew, J. C. Partridge & S. Vallerga (eds.). Adaptive 
Mechanisms in the Ecology of Vision. Kluwer Academic 
Publishers, Dordrecht. Pp 413-438. 

Bodznick, D., 1991. Elasmobranch vision: multimodal integration 
in the brain. Journal of Experimental Zoology Supplement, 5: 
108-116. 

Brandstatter, R. & K. Kotrschal, 1989. Life history of roach, Rutilus 
rutilus (Cyprinidae, Teleostei): a qualitative and quantitative 


13 


Lisney et al.: Elasmobranch sensory brain areas 


study on the development of sensory brain areas. Brain, Behavior 
and Evolution, 34(1): 35-42. 

Brandstatter, R. & K. Kotrschal, 1990. Brain growth patterns in four 
European cyprinid fish species (Cyprinidae, Teleostei): roach 
(Rutilus rutilus), bream (Abramis brama), common carp 
(i Cyprinus carpio) and sabre carp ( Pelecus cultratus). Brain, 
Behavior and Evolution, 35(4): 195-211. 

Cadwallader, P. L., 1975. Relationship between brain morphology 
and ecology in New Zealand Galaxiidae, particularly Galaxias 
vulgaris (Pisces: Salmoniformes). New Zealand Journal of 
Zoology, 2(1): 35-43. 

Carey. F. G., J. W. Kanwisher, O. Brazier, G. Gabrielson, J. G. Casey 
& H. L. Pratt, 1982. Temperature and activities of a white shark, 
Carcharodon carcharias. Copeia, 1982(2): 254-260. 

Castro, J. I., 1993. The shark nursery of Bulls Bay, South Carolina, 
with a review of the shark nurseries of the southeastern coast of 
the United States. Environmental Biology of Fishes, 38(1-3): 
37-48. 

Clarke, T. A., 1971. The ecology of the scalloped hammerhead, 
Sphyrna lewini, in Hawaii. Pacific Science, 25(2): 133-144. 

Cliff, G. & S. F. J. Dudley, 1991. Sharks caught in the protective 
gill nets off Natal, South Africa. 4. The bull shark Carcharhinus 
leucas Valenciennes. South African Journal of Marine Science, 
10 : 253-270. 

Cliff, G., S. F. J. Dudley & B. Davis, 1989. Sharks caught in the 
protective gill nets off Natal, South Africa. 2. The great white 
shark Carcharodon carcharias (Linnaeus). South African 
Journal of Marine Science, 8: 131-144. 

Cohen, J. L., R. E. Hueter & D. T. Organisciak, 1990. The presence 
of a porphyropsin-based visual pigment in the juvenile lemon 
shark ( Negaprion brevirostris). Vision Research, 30 ( 12): 1949- 
1953. 

Collin, S. P., D. J. Lloyd & H.-J. Wagner, 2000. Foveate vision in 
deep-sea teleosts: a comparison of primary visual and olfactory 
inputs. Philosophical Transactions of the Royal Society London 
B. 355(1401): 1315-1320. 

Compagno, L. J. V., M. Dando & S. L. Fowler, 2005. A Field Guide 
to Sharks of the World. Collins, London. 368 pp. 

Cortes, E. & S. H. Gruber, 1990. Diet, feeding habits, and estimates 
of daily ration of young lemon sharks, Negaprion brevirostris. 
Copeia, 1990 ( 1 ): 204-218. 

Davis. R. E. & R. G. Northcutt, 1983. Fish Neurobiology. Volume 
2: Higher Brain Areas and Functions. The University of 
Michigan Press; Ann Arbor. 375 pp. 

Demski, L. S. & R. G. Northcutt, 1996. The brain and cranial nerves 
of the white shark: an evolutionary perspective. In: Klimley, A. 
P. & D. G. Ainley (eds.), Great White Sharks: the Biology of 
Carcharodon carcharias. Academic Press, San Diego. Pp 121- 
130. 

Dewar, H., M. Domeier & N. Nasby-Lucas, 2004. Insights into 
young of the year white shark, Carcharodon carcharias, 
behavior in the Southern California Bight. Environmental 
Biology of Fishes, 70(2): 133-143. 

Gray, A. E., T. J. Mulligan & R. W. Hannah, 1997. Food habits, 
occurrence, and population structure of the bat ray, Myliobatis 
californica, in Humboldt Bay, California. Environmental 
Biology of Fishes, 49(2): 227-238. 

Gruber, S. H. & J. L. Cohen, 1985. Visual system of the white shark, 
Carcharodon carcharias, with emphasis on retinal structure. 
Memoirs of the Southern California Academy of Sciences, 9 : 
61-72. 


Guthrie, S. D. M., 1990. The physiology of the teleostean optic 
tectum. In: Douglas, R. H. & M. B. A. Djamgoz (eds.), The 
Visual System of Fish. Chapman and Hall, London. Pp 279-343. 

Helfman, G. S., B. B. Collette & D. E. Facey, 1997. The Diversity 
of Fishes. Blackwell Science, Oxford. 528 pp. 

Heupel, M. R. & M. B. Bennett, 1998. Observations on the diet and 
feeding habits of the epaulette shark, Hemiscyllium ocellatum 
(Bonnaterre) on Heron Island Reef, Great Barrier Reef, 
Australia. Marine and Freshwater Research, 49(7): 753-756. 

Heupel, M. R. & R. E. Hueter, 2002. Importance of prey density in 
relation to the movement patterns of juvenile blacktip sharks 
(Carcharhinus limbatus) within a coastal nursery area. Marine 
and Freshwater Research, 53(2): 543-550. 

Higgs, D. M. & L. A. Fuiman, 1996. Ontogeny of visual and 
mechanosensory structure and function in Atlantic menhaden 
Brevoortia tyrannus. Journal of Experimental Biology, 199(12): 
2619-2629. 

Higgs, D. M. & L. A. Fuiman, 1998. Associations between sensory 
development and ecology in three species of clupeoid fish. 
Copeia, 1998(1): 133-144. 

Huber, R., M. J. van Staaden, L. S. Kaufman & K. F. Liem, 1997. 
Microhabitat use, trophic patterns, and the evolution of brain 
structure in African cichlids. Brain, Behavior and Evolution, 
50(3): 167-182. 

Hueter, R. E., 1980. Physiological Optics of the Eye of the Juvenile 
Lemon Shark (Negaprion brevirostris). MSc Thesis, University 
of Miami, Coral Gables. 145 pp. 

Ito, H., M. Yoshimoto & H. Somiya, 1999. External brain form and 
cranial nerves of the megamouth shark, Megachasma pelagios. 
Copeia, 1999(1): 210-213. 

Johnson, R. H. & D. R. Nelson, 1978. Copulation and possible 
olfaction-mediated pair formation in two species of carcharhinid 
sharks. Copeia, 1978(3): 76-84. 

Klimley, A. P., 1994. The predatory behavior of the white shark. 
American Scientist, 82(2): 122-133. 

Kotrschal, K., M. J. van Staaden & R. Huber, 1998. Fish brains: 
evolution and environmental relationships. Reviews in Fish 
Biology and Fisheries, 8(4): 373-408. 

Le Boeuf, B. I., M. Riedman & R. S. Keyes, 1982. White shark 
predation on pinnipeds in California coastal waters. Fishery 
Bulletin, 80(4): 891-895. 

Lisney, T. J. & S. P. Collin, 2006. Brain morphology in large pelagic 
fishes: a comparison between sharks and teleosts. Journal of 
Fish Biology, 68(2): 532-554. 

Long, D. J. & R. E. Jones, 1996. White shark predation and 
scavenging on cetaceans in the eastern North Pacific Ocean. In: 
Klimley, A. P. & D. G. Ainley (eds.), Great White Sharks: the 
Biology of Carcharodon carcharias. Academic Press, San Diego. 
Pp 293-307. 

Lowe, C. G., B. M. Wetherbee, G. L. Crow & A. L. Tester, 1996. 
Ontogenetic dietary shifts and feeding behavior of the tiger shark, 
Galeocerdo cuvier, in Hawaiian waters. Environmental Biology 
of Fishes, 47(2): 203-211. 

McFarland, W., 1991. Light in the sea: the optical world of 
elasmobranchs. Journal of Experimental Zoology Supplement, 
5: 3-12. 

Montgomery, J. C, K. Bjorn & W. Sutherland, 1997. Sensory 
development of the Antarctic silverfish Pleuragramma 
antarcticum: A test for the ontogenetic shift hypothesis. Polar 
Biology, 18(2): 112-115. 


14 


THE RAFFLES BULLETIN OF ZOOLOGY 2007 


Nieuwenhuys, R., H. J. ten Donkelaar & C. Nicholson, 1998. The 
Central Nervous System of Vertebrates. Springer-Verlag, Berlin. 
2219 pp. 

Northcutt, R. G., 1978. Brain organization in the cartilaginous fishes. 
In: Hodgson, E. S. & R. F. Mathewson (eds.), Sensory Biology 
of Sharks, Skates and Rays. Office of Naval Research, Arlington. 
Pp 117-193. 

Platell, M. E., I. C. Potter & K. R. Clarke, 1998. Resource 
partitioning by four species of elasmobranchs (Batoidea: 
Urolophidae) in coastal waters of temperate Australia. Marine 
Biology, 131(4): 719-734. 

Shand, J., S. M. Chin, A. M. Harman, S. Moore & S. P. Collin, 
2000. Variability in the location of the retinal ganglion cell area 
centralis is correlated with ontogenetic changes in feeding 
behavior in the black bream, Acanthopagrus butcheri (Sparidae, 
Teleostei). Brain, Behavior and Evolution, 55(4): 176-190. 

Sisneros, J. A. & T. C. Tricas, 2002. Ontogenetic changes in the 
response properties of the peripheral electrosensory system in 
the Atlantic stingray (Dasyatis sabina). Brain, Behavior and 
Evolution, 59(3): 130-140. 

Sisneros, J. A., T. C. Tricas & C. A. Luer, 1998. Response properties 
and biological function of the skate electrosensory system during 
ontogeny. Journal of Comparative Physiology Series A, 183(1): 
87-99. 

Smeets, W. J. A. J., R. Nieuwenhuys & B. L. Roberts, 1983. The 
Central Nervous System of Cartilaginous Fishes. Springer- 
Verlag, Berlin. 266 pp. 

Springer, S., 1967. Social organization of shark populations. In: 
Gilbert, P. W., R. F. Mathewson & D. P. Rail (eds.). Sharks, 
Skates and Rays. John Hopkins Press, Baltimore. Pp 149-174. 

Stevens, J. D. & J. M. Lyle, 1989. Biology of three hammerhead 
sharks (Eusphyra blochii, Sphyrna mokarran and S. lewini ) from 
Northern Australia. Australian Journal of Marine and 
Freshwater Research, 40(2): 129-143. 


Strong, W. R. Jr., R. C. Murphy, B. D. Bruce & D. R. Nelson, 1992. 
Movements and associated observations of bait-attracted white 
sharks, Carcharodon carcharias : a preliminary report. 
Australian Journal of Marine and Freshwater Research, 43(1): 
13-20. 

Tricas, T. C. & J. E. McCosker, 1984. Predatory behavior of the 
white shark (Carcharodon carcharias), with notes on its biology. 
Proceedings of the California Academy of Sciences, 43(14): 221- 
238. 

Talent, L. G., 1976. Food habits of the leopard shark, Triakis 
semifasciata, in Elkhorn Slough, Monterey Bay, California. 
California Fish and Game, 62(4): 286-298. 

Wagner, H.-J., 2001a. Sensory brain areas in mesopelagic fishes. 
Brain, Behavior and Evolution, 57(3): 117-133. 

Wagner, H.-J., 2001b. Brain areas in abyssal demersal fish. Brain, 
Behavior and Evolution, 57(6): 301-316. 

Wagner, H.-J., 2002. Sensory brain areas in three families of deep- 
sea fish (slickheads, eels and grenadiers): comparison of 
mesopelagic and demersal species. Marine Biology, 141(5): 807- 
817. 

Wagner, H.-J., 2003. Volumetric analysis of brain areas indicates a 
shift in sensory orientation during development in the deep-sea 
grenadier Cotyphaenoides armatus. Marine Biology, 142(4): 
791-797. 

Wetherbee, B. M., G. L. Crow & C. G. Lowe, 1997. Distribution, 
reproduction and diet of the gray reef shark Carcharhinus 
amblyrhynchos in Hawaii. Marine Ecology Progress Series, 
151(1-3): 181-189. 


15 


